Objectives: The present study aimed to evaluate the influence of resveratrol (RSV) administration on biochemical parameters, free fatty acids (FFAs), cytokines and chemokines of rats administered high dose of fructose.
INTRODUCTION
In recent years much research in humans and experimental animal models have focused on association between obesity, insulin resistance, dislipidaemia and hypertension, and has been closely linked to the development of diabetes and cardiovascular disease. 1 The increased prevalence of insulin resistance is linked to the western diet and reduced physical activity. These metabolic changes are similar to metabolic syndrome described in humans by Reaven 2 and fructose-fed rats are often used to evaluate drugs or treatments of metabolic syndrome. Managing the disorders clustered in this syndrome is of great relevance to prevent and to reduce the risk of all of these pathologies. In animal models, diets high in fructose have specifically been shown to contribute to a metabolic disturbance leading to insulin resistance. 3 Obesity and insulin resistance have recently been linked to a low-grade chronic inflammatory response characterized by increased macrophage infiltration, altered cytokine production, and activation of the inflammatory signaling pathway in adipose tissue. 4 Several studies have demonstrated that chronic inflammation is an important pathogenic factor in the development of insulin resistance. 5 An excess energy intake leads to obesity and hyperglycemia, which can cause oxidative stress and inflammatory changes (increased levels of tumor necrosis factor [TNF] alpha and interleukin [IL] ). 6 These inflammatory changes inhibit insulin signaling and can lead to insulin resistance. Moreover, the inflammatory state induces beta cells dysfunction, which in combination with insulin resistance leads to type 2 diabetes. 7, 8 Thus, pharmacological agents and natural products able to reduce inflammatory activity possess anti-diabetic properties. Free fatty acids (FFAs), the product of adipose tissue lipolysis, are elevated in abdominal obesity and artificial elevations of FFA can induce insulin resistance in non-obese persons, it is natural to link enlarged intra-abdominal fat stores with FFA-induced insulin resistance.
9
Resveratrol (RSV; trans-3,5,4'-trihydroxystilbene), a naturally occurring phytoalexin found in juice, peanuts, groundnuts, Itadori tee, grapevines and red wines, has been reported to exert a variety of biological and pharmacological activities, such as anticarcinogenesis, cardiovascular protection, and antiinflammatory properties including an inhibitory effect on the production of various cytokines. Recently, studies have shown resveratrol to protect against the metabolic changes associated with hypercaloric diets in mice with induced insulin resistance, hyperglycemia, and dyslipidemia. [10] [11] [12] In obese Zucker rats, administration of resveratrol resulted in a significant reduction in triglycerides, free fatty acids, cholesterol and liver triglycerides. 4 Apart from natural sources, this compound is recently available in tablets and is recommended as a dietary supplement. In the last years, the interest in resveratrol substantially increased and its broad biological activity at the cellular level has been demonstrated. 10 The most recent data indicated that resveratrol play a crucial role in cardiovascular protection provided by grapes and wines. 13 Although it is known that in humans resveratrol is rapidly absorbed after its oral administration and is detected in both plasma and urine, data concerning the potential beneficial effects of the pure compound in humans are still very limited.
14 However, the most recent data derived from animal studies open a new, promising perspective of the potential use of resveratrol in preventing and/or treating serious metabolic disorders such as obesity and diabetes. The prevalence of both these diseases is very high, especially in Western countries, and tends to be increased. 15 Resveratrol has been demonstrated to suppress macrophage activation, which would account for the anti-inflammatory effect of the compound. 16 The fructose fed-rat represents a model for the metabolic syndrome, including insulin resistance, hypertension and dyslipidemia, and growing evidence suggests a role for inflammation and oxidative stress in this model. Therefore, in this study, we used a metabolic syndrome animal model to examine the hipolipidemic and anti-inflammatory effects of resveratrol in fructose induced insulin resistance. The main aim of the present study was to examine the effects of daily administration of resveratrol on the disturbances present in metabolic syndrome, was allow to use this group of rats as an integrative experimental model to analyze the effects of fructose diets on free fatty acids, inflammatory cytokine and beneficial effects of resveratrol on these parameters of metabolic syndrome and to analyze the mechanisms involved in its effects. The dose of resveratrol used is equivalent to that used by humans as a diet supplement.
MATERIALS AND METHODS

Experimental procedure
Adult Male Wistar albino rats (8 weeks old) weighing 150-180 g maintained in a 12 h light/dark, temperature-and humidity-controlled environment, were used in this study. All rats were fed a standard rat chow before beginning the study and continued to consume standard rat chow composed of 21% protein, 4% fat, 50% carbohydrate (vegetable starch), and 4.5% cellulose for the entire study duration. Both diets contained a standard mineral and vitamin mixture. All protocols described were reviewed and approved by the Local Institutional Committee for the Ethical Use of Animals.
After a habituation period, rats were divided into three groups of 5 animals each. The first group served as control received the control diet containing starch and tap water during 40 day. At the end of this period was given a daily intraperitoneally injection of ethanol (3 g/kg body weight) prepared as a 35% (v/v) solution in 0.9% (w/v) NaCl once a day for 20 days. The second group (10 rats) was given fructose-fed animals received the high fructose diet and water ad libitum. 10% fructose (prepared every 2 days) was given in their drinking water for 40 days. 17 The animals given the high-fructose diet were then divided randomly into two groups of five animals. One of them (the fructose plus RSV group) received a daily intraperitoneally injection of ethanol (3 g/kg body weight) prepared as a 35% (v/v) solution in 0.9% (w/v) NaCl, while the other one received a daily dose of RSV once a day for 20 days. Resveratrol was given intraperitoneally at a dose of 10 mg /kg day, which is reported to cause a marked antioxidative effect. 18 The fructose plus RSV group received 10 mg/kg RSV (99% purity; Sigma Chemical Co., St. Louis, MO, USA) intraperitoneally once a day throughout 20 days. To eliminate complications arising from the diurnal effects, all rats were sacrificed under anesthesia at the same time of day. Body weights of animals were recorded at the baseline and after the treatment. At the end of the experimental period, rats were fasted overnight, animals were sacrificed by exsanguination and blood was collected in routine biochemical test tubes and centrifuged, and serum was frozen at -70°C in aliquots until biochemical analyses were performed.
Biochemical analyses
Serum samples analyzed for glucose, TG, total cholesterol (TC) and insulin. Glucose and lipid profile measurement: TC and TG were determined using enzymatic assay on an Auto analyzer (Olympus AU 600, Hamburg, Germany). Quantitative determination of serum insulin concentration was performed with rat/mouse ELISA kit (Linco research, USA). Insulin levels were expressed as ng/mL in ELISA kit and they were converted to mU/ml. Homeostatic model assessment as a measure of insulin resistance (HOMA-IR) was calculated by the formula: insulin (mU/ml) X [glucose (mmol/l/22.5)]. 19 For determination of FFA in serum, GC analysis was carried out on a Shimadzu model GC 2010 gas chromatography (Shimadzu, Milan, Italy). Prior to injection, all samples were transesterified and then diluted with n-heptane. Helium was used as the carrier gas 20 ZIVAK ® FA commercial kit used for sample preparation of FFA from serum and for determination of 20 fatty acid by GC, according to kit prosedure.
Serum levels of Eotaxin, MCP1, RANTES, IL-10 and TNF-α were analyzed with ELISA kits. All of kits were purchased from Biosource International, Inc, USA.
Statistical analysis
Results were expressed as the arithmetical mean for each group with its standard deviation (mean ± SD). Statistical significance was evaluated by analysis of variance (ANOVA). Spearman's correlation coefficients were used to analyze associations between chemokine concentrations and metabolic variables. A value of P < 0.05 was considered statistically significant.
RESULTS
Effect of fructose and resveratrol on the blood glucose and insulin
The mean final body weights of experimental animal groups were as follows -bodyweight: group 1 (Control group, CON), 311.00 g±34.35; group 2 (Fructose group, FRU), 323.00± 23.34 g and group 3 (Resveratrol group, RSV), 302.00 ± 20.49 g. Body weight gain was observed in the experimental animals. Body weights were higher in fructose-fed group compared with controls and treatment group but not statistically significant.
In fructose-fed rats group, hyperinsulinaemia and hyperglycemia was developed. Resveratrol treatment restored the blood parameters of glucose and insulin. Glucose and insulin levels were significantly higher in fructose-fed rats compared with controls (p<0.001, p<0.05 respectively). Insulin level was significantly lower in resveratrol-treatment group compared with only fructose-fed group (group 2) (p<0.001). Although glucose level was lower in resveratrol treatment group compared with fructose-fed group, this was statistically not significant. HOMA-IR values were significantly different between three groups ( Table 1) .
Effect of fructose and resveratrol on the blood free fatty acids
All serum free fatty acids were higher in fructosefed group compared with controls ( (Figure 1 ). 
Correlations
By Spearman's analysis, we performed to define the independent relationship between eotaxin, MCP-1, RANTES, IL-10, TNF-α and various metabolic markers ( 
DISCUSSION
The rat model described in this article mimics a typical unhealthy Western diet as it featured high fructose intake, an insult that induced dyslipidemia and insulin resistance. Fructose, found naturally in many fruits, is now consumed by humans in large quantities due to the popularity of convenient, prepackaged foods and the consumption of soft drinks and juice beverages containing sucrose or high-fructose corn syrup. Mice allowed ad libitum access to water containing fructose or to a soft drink showed increased adiposity and specifically increased hepatic lipid storage. High-fructose diets have been shown to induce insulin resistance, weight gain, hyperlipidemia, and hypertension in several animal models including rats, hamsters, dogs, and certain mice species. 21 Raised levels of plasma FFAs may provide a mechanistic link between increased fat mass and insulin resistance, and ultimately metabolic syndrome. Acute elevations of plasma FFA levels raise plasma insulin levels by stimulating insulin release or by decreasing insulin clearance. 22, 23 In this study serum levels of insulin and glucose were enhanced and HOMA-IR index, indicating insulin resistance, was higher in fructose fed rats. Serum fatty acids also were higher in fructose fed rats compared with controls. A key contributor to insulin resistance and the metabolic syndrome appears to be the abundance of TG and fatty acids that occurs in obesity (perhaps in part due to high fructose intake), exceeding the storage capacity of adipose tissue and impairing adipocyte signaling. The end result is ectopic fat storage, accompanied by modified secretion of hormones and cytokines by adipose tis- sue and an inflammatory state, all of which cause damaging abnormalities in signaling within insulinsensitive tissues.
Increased exposure of FFAs is thought to be a primary cause of insulin resistance, at least in skeletal muscle, but other mechanisms may also contribute. In addition to FFAs, adipokines are produced by adipose tissue. Some of these inflammatory cytokines (e.g. TNF-α), may activate components of the inflammatory pathway such as NFκB, and thereby inhibit insulin signaling. In this study serum MCP-1, RANTES and TNF-α levels were significantly higher in fructose fed rats but there were statistically no significant in levels of serum IL-10 and eotaxin among groups. Free fatty acids seem to be linked to inflammatory activity in overweight subjects and in subjects with insulin resistance. In rats, FFAs appear to be important in the early development of insulin resistance, while TNF-α accelerates insulin resistance together with FFA in the later stages. 24 Experimental studies in humans and animals have shown that treatment with pro-inflammatory cytokines induces hypertriglyceridemia and insulin resistance. 25, 26 TNF-α downregulates the tyrosine kinase activity of the insulin receptor, thereby increases insulin resistance. [26] [27] [28] In addition, it has been reported that insulin promotes numerous deleterious vascular effects by stimulating the actions of various growth factors acting through the MAPK signaling pathway. 29 Therefore, further investigation is needed to clarify the expression of MCP-1 through the MAPK pathway in the insulin-resistant state.
We have found a few studies about the effects of cytokines and chemokines such as MCP-1, IL-10, RANTES and eotaxin on fructose fed rats. But it's known that pro-inflammatory cytokines have earlier been associated with the development of the metabolic syndrome and type 2 diabetes. In this study there were no correlation between IL-10 and HOMA-IR index. Exel et al. 30 showed that an association between low IL-10 production capacity and high serum glucose, high HbA1c, type 2 diabetes, and dyslipidemia. Dancan and Schmidt 31 suggested that chronic activation of the innate immune system can be related to metabolic syndrome. Forsythe et al. 32 showed that low carbohydrate diet decreased greatly TNF-α, and MCP1. RANTES appears to have a causal role in atherosclerosis; since inactivation of RANTES receptors in a hypercholesterolemic mouse model prevented the progression of disease. 33 Herder et al. 34 analyzed of subjects with IGT and revealed that RANTES is strongly associated with IGT. Vasudevan et al. 35 showed that circulating levels of eotaxin in serum/plasma are increased in diet-induced obesity in both mice and humans. Later studies will be needed to further evaluate the relevance of RANTES, eotaxin, IL10 and MCP-1 in the disease process and to clarify whether they can be considered as an early risk factor for metabolic syndrome.
The reduction of inflammation is an important target in the treatment of metabolic syndrome. With regard to inflammatory mechanisms, polyphenols have been shown to inhibit pro-inflammatory enzymes including cyclooxygenase, lipoxygenase and inducible nitric oxide synthase via activation of peroxisome proliferators-activated receptor gamma. In addition, phenolic compounds have been shown to inhibit phosphoinositide 3-kinases, tyrosine kinases, nuclear factor-kappa B, the expression endothelin-1, and the activation of sirtuin-1. 36, 37 In the present study, we showed that RSV possesses hypoglycemic, hypolipidemic and antiinflammatory activities in fructose fed rats. The fructose fed rats in our study were characterized by hyperglycemia, hyperlipidemia, high plasma insulin levels and high HOMA-IR index as a predictor for insulin resistance. Administration of RSV at 10 mg/ kg is associated with a moderate, yet persistent, improvement of the hyperglycemic and hyperlipidemic conditions over an experimental period of 20 days. The administration of RSV was also associated with a prominent improvement of the cytokines and chemokines such as MCP-1, RANTES and TNF an exhibited fructose fed rats. Administration of RSV to fructose fed rats resulted in a decline in the blood glucose levels. It was of interest to note that RSV administration also caused a reduction in the plasma insulin level. The reduced plasma insulin level is probably secondary to the reduced plasma glucose level caused by RSV. However, it is also possible that insulin sensitivity is improved by RSV. HOMA-IR index as a measure of insulin resistance was reduced in resveratrol treatment rats. Olholm et al showed that anti-inflammatory effects of RSV on adipokine expression and secretion in human adipose tissue in vitro through the SIRT1 pathway. Thus, RSV was hypothesized to possess beneficial effects and might improve the metabolic profile in human obesity. 38 The RSV effects observed in the present study are mediated through its anti-inflammatory properties. The present study also shows that at the maximal dose of RSV is a reduced MCP-1, RANTES and TNF-α level.
Resveratrol inhibits the activation of the proinflammatory transcription factor, NF-kB, resulting in exhibits immunomodulatory effect by suppressing overproduction of inflammatory cytokines like TNF-α, IL-1β, and IL-6. 39 NF-kB activation in macrophages may be of fundamental importance in severity of inflammation and a target in stress inflammation for resveratrol. It is possible that resveratrol will be considered as an agent for reducing the severity of inflammation.
Hypertriglyceridemia is also associated with the metabolic consequences of hyperinsulinemia, insulin resistance, and glucose intolerance. 40 In our study, administration of RSV to fructose fed rats significantly improved some of these parameters. The observed hypolipidemic effect by RSV may be due to increased plasma lipid uptake or by decreased fatty acid synthesis. Our study showed that there was a moderate reduction in FFAs, especially in decanoic acid, pentadecanoic acid, stearic acid, oleic acid, cis-11-eicosenoic acid and eruric acid levels.
In conclusion, RSV has an insulin-like effect in fructose-induced metabolic syndrome rats. In our fructose fed rats, plasma insulin, glucose as well as HOMA-IR index were reduced via this dose resveratrol, suggesting that the RSV effect was due to reduction of insulin resistance and/or improved insulin sensitivity. Also there was improving on serum FFAs levels by RSV administration. The exact mechanism underlying the activity of the RSV awaits further investigation.
